Geochemical and isotopic signatures for the identification of seawater
intrusion in an alluvial aquifer by Nair, Indu S. et al.
Geochemical and isotopic signatures for the identiﬁcation
of seawater intrusion in an alluvial aquifer
Indu S Nair1, S P Rajaveni1, M Schneider2 and L Elango1,∗
1Department of Geology, Anna University, Chennai 600 025, India.
2Institute of Geological Sciences, Freie Universitaet Berlin, Germany.
∗Corresponding author. e-mail: elango@annauniv.edu
Seawater intrusion is one of the alarming processes that reduces the water quality and imperils the supply
of freshwater in coastal aquifers. The region, north of the Chennai city, India is one such site aﬀected
by seawater intrusion. The objective of this study is to identify the extent of seawater intruded area
by major geochemical and isotopic signatures. A total of 102 groundwater samples were collected and
analysed for major and minor ions. Groundwater samples with electrical conductivity (EC) greater than
5000 μS/cm and a river mouth sample were analyzed for Oxygen-18 (δ18O) and Deuterium (δ2H) isotopes
to study their importance in monitoring seawater intrusion. The molar ratio of geochemical indicators
and isotopic signatures suggests an intrusion up to a distance of 13 km from the sea as on March 2012
and up to 14.7 km during May 2012.
1. Introduction
Seawater intrusion is the ingress of seawater into
conﬁned or unconﬁned coastal aquifers, which in
turn affects the quality of groundwater. As the coas-
tal aquifers are generally connected hydraulically
to the sea, the seawater which is slightly denser ini-
tially intrudes at the bottom of the aquifer and the
fresh water present at the top. Over-exploitation
of groundwater from such coastal aquifers to meet
the increasing demand, accelerates the progress of
seawater further towards the land. This will lead
to the abandoning of production wells due to con-
tamination of groundwater owing to the mixing
of seawater. Seawater is characterized by the domi-
nance of Na and Cl with the total dissolved solids
of about 35,000 mg/l. The molar ratio of Na/Cl
in seawater is 0.86 with an excess of Cl over
the alkali ions (Na), while the molar ratio of
Mg/Ca in seawater is 4.5–5.2 with an excess of Mg
(Jones et al. 1999). In contrast, continental fresh
groundwater is characterized by a highly variable
chemical composition, although the predominant
anions are HCO3, SO4 and Cl (Fritz et al. 1979;
Korfali and Jurdi 2010). The total dissolved solids
in fresh groundwater generally vary from 150 to
1500 mg/l. Thus, the mixing trends between seawa-
ter and groundwater can be understood from total
dissolved solids (>2000 mg/l), Cl (>1000 mg/l) and
some minor ions. Mixing can also be identiﬁed
when electrical conductivity (EC) of groundwater
exceeds 3000 μS/cm (Karahanoglu 1997). In sea-
water intruded regions, the concentration of Mg
will be greater than SO4+HCO3, and Cl greater
than Na, whereas regions with meteoric waters
salinised by the marine salts will have Na greater
than Cl (Howard and Lloyd 1983). Further, minor
ions such asBr, F and I are also playing a vital role in
the identiﬁcation of seawater intrusion. Apart from
this, the various ionic ratios (e.g., Cl/Br, Na/Cl)
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are also used to identify seawater intrusion. In order
to study the origin and dynamics of groundwater,
the analysis of the variations in the stable isotopes
of Oxygen (δ18O) and Hydrogen (δ2H) have been
widely used. The distribution of these isotopes
in natural waters is used to investigate the source
of various water types and possible interconnection
between them. The isotopic signatures of each water
body diﬀer from place to place and a high contrast
in the isotopic signature between groundwater and
seawater has been used to conﬁrm the mechanism
of seawater intrusion. Stable isotope contents of
light elements are generally expressed as isotope
ratios. Due to the small diﬀerences observed in the
isotopic ratios (e.g., 2H/1H), the isotope concentra-
tions are expressed as deviations (δ) between the
ratio of the sample and the same ratio in an inter-
nationally accepted standard (IAEA 1994). In case
of stable isotopes of hydrogen and oxygen in
water samples, the reference material is a stan-
dard ocean water sample called Vienna–Standard
Mean Oceanic Water (VSMOW). Therefore, nega-
tive δ value (lower than the standard) of isotopic
ratio represents the isotopically depleted samples
whereas positive δ value represents the isotopically
enriched samples. In cases where the contribution
of fresh water from the rivers into the sea is domi-
nant, then the isotopic composition of seawater will
be lesser than the mean seawater composition
(Gonﬁantini and Aragua´s 1988; Vengosh et al.
1999). The water from the coastal aquifers and
rivers discharging into the sea have higher isotopic
signature than the seawater (Aragua´s 2003).
Several research studies on seawater intrusion in
coastal aquifers were carried out in various parts
of the world making use of geochemical indicators
(Custodio and Bruggeman 1987; McCaﬀrey et al.
1987; Gonﬁantini and Aragua´s 1988; Todd 1989;
FAO report 1997; Jones et al. 1999; Moujabber
et al. 2004, 2006; Appelo and Postma 2005; Slama
et al. 2010). Sukhija et al. (1996) used the inorganic
water chemistry as a tool to diﬀerentiate the cur-
rent and palaeo-salinities in coastal part of Cauvery
basin, India. Desai et al. (1979) studied the sources
of salinity and geochemical evolution of seawater
in coastal aquifers in part of Gujarat, India. Simi-
larly isotopes of δ18O and δ2H were used to under-
stand the mixing of seawater with the groundwater
by many researchers (Gaye 2001; Aragua´s 2003;
Kim et al. 2003a, b; Faye et al. 2005; Chen and
Jiao 2007; Korfali and Jurdi 2010; Nwankwoala
and Udom 2011). The coastal aquifers located just
north of Chennai, the fourth largest metropolitan
city in India is one such site aﬀected by seawater
intrusion. About 10% of city’s water requirement is
met by pumping groundwater from this area since
the year 1969. Earlier studies during 1966–1969 by
the Groundwater division of Public Works Depart-
ment, Government of Tamil Nadu in collabora-
tion with United Nations Development Programme
(UNDP) indicate that overpumping of groundwa-
ter has led to seawater intrusion extending up to
3 km (CGWB 2010) and 4 km in 1970–1975
(Subramanian 1975). An electrical resistivity study
conducted by the Chennai MetroWater Supply and
Sewage Board (CMWSSB) in collaboration with
Figure 1. Study area and water sampling locations.
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UNDP during 1983 indicated that the interface was
at about 6 km from the coast. The district ground-
water brochure on Thiruvallur district by Central
Ground Water Board (CGWB 2007) reported that
the seawater has intruded up to 13 km in the
year 2007. A study carried out in 2011 based on
Cl/Br ratio of groundwater in shallow wells indi-
cated that even the shollow groundwater (<15 m)
has been aﬀected by seawater intrusion up to 8 km
(Indu et al. 2013). Thus, the aquifers located north
of Chennai are aﬀected by seawater intrusion since
middle of 1960s. Seawater intrusion has aﬀected
the landuse and livelihood in the coastal part.
It is essential to understand seawater–fresh water
dynamics in this area in order to plan for proper
mitigation measures. Hence, this study was car-
ried out with the objective of identifying the extent
of seawater intrusion by the spatial and tempo-




Figure 2. (a) Geology and (b) landuse/landcover pattern.
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2. Description of the study area
The study was carried out in a part of Arani–
Koratalaiyar river basin located north of Chennai,
Tamil Nadu (ﬁgure 1). The Arani river is located on
the northern part of the area, while the Koratalaiyar
river is in the south. These two rivers are non-
perennial and normally ﬂow only for a few days
during northeast monsoon period. The annual
average rainfall is about 1200 mm, most of it falling
during the northeast monsoon (October–Decem-
ber). The eastern side of the area is bounded by
Bay of Bengal and Buckingham Canal which runs
parallel to the coast near the eastern boundary of
the area and also carries saline backwater. After
the monsoon, the river becomes dry and the saline
water from the sea enter the river and these back-
waters extend inland up to 4 km (Elango and
Manickam 1987; UNDP 1987). Topographically the
region gently slopes towards the east apart from
some minor depressions with the maximum ele-
vation of about 10 m along the western bound-
ary. This area predominantly consists of ﬂuvial
deposits which include clay, silt, sand, gravel and
pebble layers (ﬁgure 2a). The underlying clay lay-
ers divide the deposit as two layers, with the top
layer function as an unconﬁned aquifer and the bot-
tom layer as a semi-conﬁned aquifer. Charnockites
of Archaean age is at the base which is overlain
by marine sediments, sand, marine clay and gravel
formations followed by clays and silt. About 75%
of the area is covered with marine sediments of
tertiary age (Elango and Manickam 1986; UNDP
1987). The drainage in the study area follows den-
dritic pattern and comprises both fresh water stor-
age lakes and surface water lakes which have been
used for domestic purposes. Most of the area is
intensively cultivated with rice crops with farms of
sizes 2–3 acres. The main cropping season is from
September to January. The eastern part of the area
(near the coast) is being used for salt pan activities
which are classiﬁed as wetlands (ﬁgure 2b). The
saline groundwater as well as seawater is pumped
for the salt pan activity.
3. Methodology
Fifty-one well locations were chosen to collect
groundwater samples once in two months which
cover a distance of 25 km from the coast and the
depth ranges from 4 to 100 m. The samples were
collected from both dug wells and borewells of dif-
ferent depths during the months of March and
May, 2012. The time periods of March and May
were chosen as they represent the peak summer
period, when the distance of seawater intrusion is
expected to be more due to excessive pumping of
groundwater. Groundwater samples were divided
based on the well type as shallow groundwater (from
dug well <15 m) and deep groundwater (from bore-
well >15 m). Groundwater was sampled through
continuous pumping until the constant values of
EC and oxygen reduction potential (ORP) had been
established. A water sample from the river was
also collected in the month of May 2012. Samples
were ﬁltered after retrieval for the analysis of
cations and anions using 0.22 μm cellulose acetate
membrane ﬁlters. All samples were stored in air-
tight bottles. Hydrochemical analyses were perfor-
med at Anna University using a high performance
Ion Chromatograph (Metrohm 861) which was cali-
brated with Merk standards. Depending on the EC
value, location and depth of the well, water samples
from few locations were chosen for stable isotopic
analysis. Stable isotopic (δ2H, δ18O) analysis was
carried out using PICARRO L1102-isotope analy-
zer at the Museum fu¨r Naturkunde in Berlin. For
each sample, six repeated injections were performed
and arithmetic means and standard deviations were
used. Multivariate statistical analysis was also made
use to understand the similarities and correlation
between the samples. The factor analysis and clus-
ter analysis were performed using Kaiser varimax
rotation and Ward’s method respectively, in which
ﬁve parameters including EC, TDS, Na, Cl and Br
were considered.
4. Results and discussion
A total of 102 groundwater samples and one river
water sample were collected during this study. In
order to identify the extent of seawater intrusion,
indicators such as EC, molar ratio of ions and iso-
topic contents in both surface water and ground-
water were used. The results and inferences arrived
are discussed in the following section.
4.1 Electrical conductivity (EC)
In coastal areas, groundwater with EC greater than
5000 μS/cm is considered as aﬀected by seawater
intrusion (Kim et al. 2003a). The EC of ground-
water varied from 400 to 25,000 μS/cm during
this study and it increased towards the coast. Very
high EC were measured in groundwater of wells
closer to the sea in the southern part and few
wells from the northern part of the study area.
This indicates that the southern part of the area
is very much aﬀected by seawater intrusion as well
as saline water recharge from salt pans and saline
backwaters.
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4.2 Ionic ratios
High EC of groundwater is not suﬃcient to prove
the occurrence of seawater as suggested by Revelle
(1941). However, the salinity ingress from the sea
can be conﬁrmed by analysing the shifts in molar
ratios of ions. Many researchers (Kim et al. 2003a,
b; Moujabber et al. 2006) have used the ionic ratios
to evaluate seawater intrusion in coastal areas in
order to identify the source and nature of the salin-
ity present. In the present study, Cl/Br and Na/Cl
were used to delineate region aﬀected by seawater
intrusion.
4.2.1 Cl/Br ratio
The Cl/Br is considered as an authentic tracer of
seawater intrusion, as both Cl and Br usually be-
have conservatively, except in the presence of very
high amounts of organic matter. Presence of high
amount of Cl and Br in groundwater is an indica-
tor of the inﬂuence of seawater. Several researchers
(Morris and Riley 1966; McCaﬀrey et al. 1987;
Richter and Kreitler 1993; Davis et al. 1998;
Alcala and Custodio 2008) have used this ratio to
identify seawater intrusion. The ratio can also be
used to distinguish seawater (Cl/Br = 297, where
Cl = 19,500 mg/l, Br = 67.3 mg/l) from remnants
of evaporated seawater (hyper saline brine >297),
evaporite–dissolution products (>1000) and anthro-
pogenic sources like sewage eﬄuents (up to 800) or
agriculture-return ﬂows (Morris and Riley 1966).
The Cl/Br of groundwater in the study area varied
from 16 to 790. The ratio exhibits a value (≥ 297)
in 21 wells closer to the coast. Values greater than
297 indicate recharge of evaporated seawater from
the salt pan as well as backwaters in the rivers and
the canal whereas, the values similar to that of the
Cl/Br ratio of seawater indicates that the ground-
water in the coastal aquifer is aﬀected by seawa-
ter intrusion. Low Cl/Br ratio (<297) in this area
may be due to the enrichment of gypsum fertil-
izer in the soil, which releases inorganic Br to the
shallow groundwater as observed by Vengosh et al.
(2002). The spatial variation of Cl/Br of ground-
water for the months of March and May, 2012 are
shown in ﬁgure 3(a and b) respectively. During
March 2012, maximum value of the Cl/Br was 790
and the minimum value was 16 and in May 2012,
the maximum value was 500 and minimum value
was 84. The extent of the ingress of seawater dur-
ing March was 12.3 km from the coast and during
May 2012 it was 13.5 km. The wells located on the
southern part of the study area had high value of
Cl/Br (≥300) in both March and May 2012, which
indicates that the southern part is more aﬀected
by seawater intrusion than the northern part. The
areal extent of seawater intruded region is higher
during May 2012.
4.2.2 Na/Cl ratio
The Na/Cl in a seawater intruded area would be a
mixing product of the ratio in the seawater and the
fresh water. The Na/C1 upon mixing between sea-
water (Na/Cl = 0.86) and fresh water (Na/C1 > 1)
lies in between 0.86 and 1 (Vengosh and Rosenthal
1994). Low Na/Cl, combined with other geoche-
mical constituents also indicate seawater intrusion,
even at relatively low chloride concentrations, dur-
ing early stages of salinisation. Na/Cl can also be
ba
Figure 3. Spatial variations in Cl/Br of groundwater in the study area during (a) March 2012 and (b) May 2012, where
the value up to 297 (∼300) indicate the region aﬀected by seawater intrusion.
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Figure 4. Spatial variations in Na/Cl of groundwater in the study area during (a) March 2012 and (b) May 2012, where
the value up to 0.86 indicate the region aﬀected by seawater intrusion.
used to diﬀerentiate between seawater intrusion
and other sources of saltwater and also it has been
used to identify the mechanism for saline intrusions
(Panteleit et al. 2001; Korfali and Jurdi 2010).
They also observed the strong correlation between
these two ions in which the concentration of the Cl
remains relatively constant while the ratios begin
to drop which suggests the incipient intrusion of
seawater. The spatial and temporal variation in
Na/Cl of groundwater during the months of March
and May 2012 is shown in ﬁgure 4(a and b) respec-
tively. Since the Na/Cl value of seawater is 0.86,
this line is considered as the region up to which
the seawater has intruded. The maximum extent
of seawater intrusion during March was 14.4 km
from the coast and during May 2012, the maximum
extent was 14.7 km. However, the distance of sea-
water intruded region is comparatively very less in
the northern part as indicated by Cl/Br. The re-
gion aﬀected by seawater intrusion in the southern
part of the study area is much larger. As in the
case of Cl/Br, Na/Cl also indicates the increase in
the areal extent of seawater intrusion during the
month of May. This increase in the month of May
is due to the overpumping of groundwater on the
western part to meet the various needs as it is in
the peak of summer period.
4.3 Isotopic signatures
In the current study, two sets of groundwater as
well as surface samples have been used to under-
stand the isotopic signatures. The samples were
chosen based on the concentration of total dis-
solved solids. Diﬀerent studies were carried out
in the isotopic characterization of precipitation
pattern for India’s major geographic regions like
northern, southern India and Himalayas (Chi-
dambaram et al. 2009; Kumar et al. 2010). The
local meteoric water line (LMWL) for south India
given by Kumar et al. (2010) has been used in this
study.
δ2H = 7.82× δ18O+ 10.22. (1)
The evaporation enrichment line (ﬁgure 5a, b) is
calculated with δ2H = 4.9 ∗ δ18O − 1. A total of 45
samples were collected during the months of March
and May 2012 for the isotopic analysis, which
includes one surface water sample (Arani river),
one groundwater sample from a well located in the
salt pan and 20 groundwater samples. The δ18O
values of the samples range from −5.54 to 1.1
and the δ2H ranges from 34.21 to 11.5. Most sam-
ples plot close to the right of the LMWL as shown
in ﬁgure 5. The samples falling on the LMWL dur-
ing March and May 2012 follow a similar trend and
for the convenience of interpretation, the samples
were categorized into three groups. The group I
waters are isotopically lighter and most of them fall
closer to the LMWL and are derived due to rain-
fall recharge. The samples which are categorized as
group II are from wells with a depth of 8–17 m.
These samples are categorized as mixed water, i.e.,
mixture of rainfall derived groundwater and seawa-
ter. Group III waters are from wells located closer
to the sea which fall between LMWL and evapo-
ration enrichment line. These samples are aﬀected
by both seawater intrusion as well as evaporation
enrichment of recharging water. One groundwater
sample taken from the salt pan indicates positive
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Figure 5. Relation between stable isotopes during (a) March 2012 and (b) May 2012.
enrichment, which indicates the eﬀect of recharge
of evaporation enriched water. The surface water
sample (No. 23) collected from the mouth of Arani
river, plot on the positive side and the recharge of
this water will lead to signatures similar to group
III waters.
4.4 Multivariate statistical analysis
In order to verify the inferences arrived from the
geochemical and isotopical signatures discussed,
multivariate statistical was used in which all the
parameters were considered. The results obtained
from the factor and cluster analyses are discussed
in this section.
4.4.1 Factor analysis
Factor analysis such as principal component anal-
ysis (PCA) is one of the techniques employed for
the reduction of dimension of variables by corre-
lating their chemical properties as well as their
patterns based on covariance matrix. PCA is gen-
erally based on the maximum coherence given by
diagonal correlation matrix of the data set (Yi et al.
2010). The Kaiser–Mayer–Olkin (KMO) method
Table 1. Factor loading after varimax rotation.
March 2012 May 2012
Parameters F1 F2 F1 F2
EC 0.94 0.29 0.98 −0.11
TDS 0.94 0.17 0.98 −0.11
Cl 0.87 0.33 0.96 −0.20
Br 0.76 0.31 0.93 −0.22
Na 0.88 0.15 0.90 −0.25
O-18 0.43 0.50 0.66 0.55
D 0.26 0.97 0.71 0.42
Eigenvalue 4.437 1.766 6.160 1.000
Variability (%) 66.250 15.233 76.570 7.362
Cumulative (%) 66.250 79.483 76.570 83.931
was executed before analyzing PCA and a KMO
greater than 0.5 was found suitable for further
analysis (Mustapha et al. 2012). The present study
obtains a KMO value of 0.673. The rotated fac-
tor loadings, eigen values, percentages of variance
and cumulative percentages of variance for both
March and May 2012 are given in table 1. The high-
lighted variables have their absolute values greater
than 0.67 showing a strong correlation. The fac-
tors with respective eigen values greater than 1.00
are responsible for a higher variation and need
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to be retained (Nura et al. 2013). In the current
study, there are two factors for each month which
accounts for 79.5 and 84% of the total variance in
the original dataset during March and May 2012
respectively. Factor 1 accounts for the most signiﬁ-
cant process with a total variance of 66.25% during
March 2012 and 76.57% during May 2012. The high
factor loadings indicate strong correlation among
EC, TDS, Na, Cl and Br suggesting the process of
seawater intrusion. Factor 2 suggests 15.2% of total
variance during March 2012 with a strong positive
loading for isotopic components.
4.4.2 Cluster analysis
Cluster analysis (CA) is a statistical tool used for
the classiﬁcation of raw data into various groups or
clusters according to their similarities. Shorter the
Euclidean distance, higher the similarity between
Table 2. Chemical properties exhibited by each cluster.
Seawater-intruded Seawater-
(cluster 1) non-intruded
Parameters Unit N = 25 (cluster 2) N = 20
EC (mean) μS/cm 11971.75 2752.208
TDS (mean) mg/l 7661.89 1761.413
Na (mean) mg/l 1698.78 784.066
Cl (mean) mg/l 2736.545 2.531
Br (mean) mg/l 9.021 599.201
O18 (mean) per mil −1.865 −4.287
D (mean) per mil −8.952 −24.836
the measured objects. In clustering, each group
exposes their interaction among the variables or the
interrelation among the samples (Yi et al. 2010).
A hierarchical dendrogram by Ward’s method
(ﬁgure 6) was made for both March and May 2012
for 45 water samples to identify the groups/clusters
followed by K means clustering method (non-
hierarchical). The dendrogram obtained from the
analysis shown in ﬁgure 6 indicates three clusters.
These clusters were reclassiﬁed using this method
to understand the similarity in hydrochemistry.
The output of two major groups has been obtained
based on the K means method which is given in
table 2. Cluster 1 (26 samples) has been grouped as
samples aﬀected by seawater intrusion. The rest of
the sampling locations (19) have been considered as
non-intruded samples (cluster 2). The groundwa-
ter quality in cluster 2 is better than cluster 1. The
samples from salt pan area during both months
and one surface water sample during May 2012
have also been grouped as samples aﬀected by sea-
water intrusion (cluster 3). Thus, the factor anal-
ysis and cluster analysis grouped the wells into
seawater intruded and non-intruded wells in accor-
dance with the inference arrived from geochemical
and isotopical data.
The seawater intruded area was demarcated
based on the geochemical indicators such as Cl/Br
and Na/Cl and isotopic contents. The geochemi-
cal analysis conﬁrmed that the seawater intrusion
is more in May 2012 than March 2012. Also, it is
identiﬁed that the seawater intruded up to 13 km
into the land during March 2012 and up to 14.7 km





































































































































































































Month and sampling locations 
Cluster 1 Cluster 2 Cluster 3
Mar: Samples of March 2012
May : Samples of May 2012
Figure 6. Dendrogram based on the clustering of groundwater data.
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Figure 7. Area aﬀected by seawater intrusion.
5. Conclusion
Seawater intrusion is a perennial problem in the
aquifers located north of Chennai, and its dynam-
ics was assessed from the geochemical and iso-
topic signatures of groundwater collected during
two diﬀerent months. The Cl/Br, Na/Cl and sta-
ble isotopic contents were used to delineate the
extent of seawater intrusion. The Cl/Br and Na/Cl
of the groundwater ranged from 16 to 790 and
from 0.80 to 1.12 respectively. The δ18O values of
the samples range from −5.54 to 1.1 and the
δ2H ranges from 34.21 to 11.5. Based on these
indicators, it is identiﬁed that the seawater has
intruded up to a distance of 13 km inland dur-
ing March 2012 and up to 14.7 km during May
2012. The factor analysis of the geochemical data
supports the process of seawater intrusion and
cluster analysis grouped the wells into seawater
intruded and non-intruded wells in accordance with
the inference arrived from geochemical and isotopi-
cal data. The increase in areal extent of seawater
intrusion during May indicate the eﬀect of over-
exploitation of groundwater during the peak sum-
mer period. The area aﬀected by seawater intrusion
was demarcated based on this study. This will help
to plan for initiatives which have to be taken to
improve groundwater storage by managed aquifer
recharge.
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